Phragmites australis growing at 4 selected sites along the bank of the lower Diep River, Cape Town, South Africa and in adjacent soil was assessed for photosynthesis, chlorophyll content and metal concentrations in shoots and roots. The rate of photosynthesis was determined using the Infra -red gas analyzer (IRGA). Chlorophyll content of leaves was determined by extraction of the pigments using dimethyl sulphoxide (DMSO). Chlorophyll was quantified from the extract using a spectrophotometer (645 and 665 nm). Ten metals (cadmium, copper, iron, lead, manganese, nickel, zinc, aluminium, chromium, and cobalt) in the shoots and roots of Phragmites australis were measured by ICP-MS. The abundance of the metals were in the order Al > Pb > Cd > Co > Ni > Cr; and for micronutrients, Fe > Mn > Zn > Cu both in the shoots and roots from all the sites investigated. Chlorophyll a, b and total chlorophyll (Chl. T ), as well as photosynthesis were significantly lower in P. australis from the river bank compared with the adjacent soil. Increased metal loads in plants from the river bank were found to accompany the decreasing chlorophyll concentrations and photosynthetic rate. More metals were found to be accumulated in plants on the river bank compared to plants from adjacent to the river bank.
Introduction
A cornerstone of ecotoxicological science is the ability to demonstrate a relationship between the exposure of metals and the physiological responses in plants (such as changes in chlorophyll content and photosynthesis activities). The demonstration of a metal exposure-response relationship is an essential criterion for establishing that the metal is responsible for the effects measured. For most metals, exposure to low levels does not lead to any observable effect, but it is only after a threshold is reached that an effect can be detected (Kabata-Pendias & Pendias, 1992; Rodrίguez et al., 2007) .
Metal toxicity is one of the common stresses that limit plant growth and development (Gallego et al., 1996; Liphadzi & Kirkham, 2006) . Scientific evidence has shown that plant species which grow in polluted environments may be stressed in various ways. For example, bioaccumulation of metals to toxic concentrations (through direct uptake by the plants' roots, stems or shoots) results in malfunctioning of their physiological systems (Dahmani-Muller et al., 2000; Monni et al., 2001; Plekhanov & Chemeris, 2003; Liphadzi & Kirkham, 2006) . If a plant is stressed, changes in the chlorophyll content may occur before any physical signs of stress are evident. Several cases of decreased chlorophyll synthesis and metabolism due to metal toxicity have been reported in the plant kingdom (Abdurakmanova et al., 2000; Schoefs, 2001; Kucuk et al., 2003; Calheiros et al., 2007; Baldantoni et al., 2009; Bragato et al., 2009; Bonanno & Lo Giudice, 2010) . Zayed et al. (1998) observed chlorosis and reduced growth in duckweed at higher levels of metals such as Fe, Cu, Cd, Hg, Pb, Ni, Zn and Mn. Similarly, studies by Stobart et al. (1985) and Dong et al. (2005) on the effects of cadmium on chlorophyll content in barley, revealed inhibited biosynthesis, reduction in total chlorophyll content and the chlorophyll a/b ratio.
Chlorophyll concentration may fundamentally influence the functioning of the photosynthetic apparatus and thus affect whole plant metabolism (Clijsters & van Assche, 1985; Sun & Wu, 1998; Prasad & Strzalka, 2000) . For example, rye grass (Lotium perenne, cv.S-23) leaves turned yellowish when treated with Ni, plants became necrotic and suffered interveinal chlorosis (Khalid & Tinsley, 1980) . Sheoran et al. (1989) reported a reduction in photosynthesis and enzyme activities in pigeon pea (Cajanus cajan) indirectly by reporting a decrease in chlorophyll content due to elevated levels of cadmium and nickel in the leaves. In higher plants, studies have shown that growth and photosynthetic activities were significantly affected by cadmium (Nagel et al., 1996) .
Most of the published data concerning toxicity testing of metals has focused on single metal effects. However, metal pollution of plants growing in polluted environments in nature has been shown to be due to the presence of cocktail of several metals (Walker et al., 2003; Rodrίguez et al., 2007) . They may exhibit toxicity simultaneously and interactively at different levels (Vάzquez et al., 2006) . It is therefore worthwhile to assess metal toxicity induced to plants through expression of biomarkers such as those related to chlorophyll synthesis and photosynthetic activity.
The Diep River originates from the Kasteel Mountain, Malmesbury and flows in a south-westerly direction towards Table Bay , where it flows into the Atlantic Ocean (Brown & Magoba, 2009) . Previous studies have shown that the Diep River is polluted in terms of metals (Ayeni et al., 2010; Shuping et al., 2011) . In the present study, the extent to which physiological parameters in Phragmites australis (chlorophyll content, photosynthesis) and metal accumulation are affected at different sites along a pollution gradient in Diep River in Cape Town.
P. australis is an emergent macrophyte, cosmopolitan in distribution and the most productive natural plant population in the biosphere (Wetzel, 1995; Cronk and Fennessy, 2001; Saltonstall, 2008) . It grows perennially, with a constant turnover of population members that are senescing as new cohorts. Reeds (P. australis) are the focus of this study because it is the most abundant plant species lining the river banks along the Diep River. Furthermore, it is widespread along South African rivers and commonly occurs in monospecific stands (Laing et al., 2003; Saltonstall, 2008) .
Materials and Methods

Site Selection
The study was conducted along the banks of the lower Diep River. This river is located in Cape Town, Western Cape, South Africa. The four sampling sites were selected based on their location near both an oil refinery and landfill site, which may emit a cocktail of pollutants to some distance in the environment.
Collection and Preparation of Plant Samples
For each of the sites, plant specimens were collected from the river bank and adjacent soil (2 m apart) in the same vicinity. Whole plants were completely uprooted and were then separated into shoots (stems and leaves) and roots. In the laboratory, the roots and shoots were then washed thoroughly with distilled water to remove any soil particulate matter and then dried in the oven at 60ºC for 48 h, after which they were ground with a mortar and pestle. Each of the samples was then sieved using a nylon sieve (2 mm pore size).
Digestion of Plant Samples
This was carried out as described by Odendaal and Reinecke (1999) . For the digestion process 10 ml of 55% HNOз was added to each sample (1 g) in test tubes and stirred properly using a glass rod. Each of the mixtures was then heated on a Universal Block Dryer (UBD) heater in a fume cupboard at 40ºC for 1 h, then at 120 ºC for 3 h. The samples were then allowed to cool to room temperature. Each of the cooled solutions was made up to 20 ml with distilled water and was filtered using cellulose nitrate filter paper (0.45 µm). Each of the filtrates obtained were further diluted to a final volume of 100 ml with distilled water, appropriately labelled and stored in the refrigerator.
Metal Analysis
The digested plant samples were analyzed for the presence of metals (Al, Cr, Co, Ni, Cd, Pb, Mn, Fe, Cu and Zn) using the Inductively Coupled Plasma -Mass Spectrophotometer (7500 CE, Agilent, England). To obtain the plant metal concentrations, the ICP values were converted using the formula: 
Determination of Photosynthesis in Plant Leaves
Measurements were taken on-site using an Infra-red gas analyzer (IRGA, Pharmacia, LKB. Ultraspec.11E, Blockrom, England). Photosynthetic parameters in the intact plant leaves were assessed in the morning between 8am and 11am, according to the manufacturer's instructions. Parameters measured included photosynthesis (A), rate of evapo-transpiration (E), intercellular carbon dioxide concentration (Ci) and stomata conductance (Gѕ).
Readings were recorded at 20 minute intervals. The carbon dioxide assimilation rate was expressed as the amount of carbon dioxide assimilated per unit leaf area and time (µmol) carbon dioxide was consumed.
Determination of Chlorophyll Contents in Plant Leaves
Plant leaves were neatly detached using a gloved hand and placed into a polythene bag, sealed, appropriately labeled and placed in a cooler. Samples were then transported to the laboratory. The leaves were cut into pieces using a clean scalpel, macerated in a crucible and then used for chlorophyll contents analysis as described by Hiscox and Israelstam (1979) . To 100 mg of macerated leaves, 7 ml dimethyl sulphoxide (DMSO) was added in a vial and incubated at 4°C for 72 h. After incubation, the extracts obtained were diluted with 10 ml DMSO; 3 ml of the diluted extract was withdrawn, transferred into cuvets and the absorbance determined at 645 and 663 nm. A pure solution of dimethyl sulphoxide (DMSO) was used as blank. Total chlorophyll contents (Chlorophyll a and b) were determined using the equation below as described by Arnon (1949) and results were expressed as mg L -1 .
Chlorophyll a: Chl a = 12. 
Results
Metals in Plant Shoots and Roots
Results of metal concentrations in the shoots and roots of P. australis collected from both the river bank and the adjacent soil from site 1 to site 4 are shown in Table 1 . Al concentration at all sites was significantly higher in shoots collected from the river bank compared with those from adjacent soil. The mean values for samples collected from adjacent soil ranged from 8.7-16.9 mg.kg -1 , whereas those from the river bank ranged from 23.6 -237.9 mg.kg -1 . The highest Al concentration in plant tissues were found in samples collected from site 4 and 3 respectively (Table 1) . The Al concentration in the roots ranged from 1.1-313 mg.kg -1 (Table 1) . Three out of four sites had Al levels in the roots which were significantly higher from samples collected from the river bank relative to those from adjacent soil. A higher level of Al was detected in roots taken from sites 4, 2, 3 and 1 respectively.
Chromium (Cr)
Significant differences were observed in Cr concentrations between plant samples of P. australis collected along the river bank and from the adjacent soil at sites 1, 2 and 3 (Table 1) . Cr was not detected in shoots sampled from site 4. The concentrations of Cr in shoots collected from the adjacent soil were in the range of 0.0-0.8 mg.kg -1 . From the river bank, the shoot concentration of Cr varied from 0.1-0.8 mg.kg -1 . In the roots, Cr was detected in plants from two sites out of the four. The values from the river bank ranged from 0.1-488.6 mg.kg -1 , while from adjacent soil the concentration ranged from 0.0-12.5 mg.kg -1 (Table 1) . Plants from site three had roots with higher concentrations of Cr as compared with site two.
Cobalt (Co)
Shoot concentration of Co in P. australis plants from the river bank ranged from 0.1-55.9 mg.kg -1 (Table 1) , while those from the adjacent soil had values ranging from 0.0-16.9 mg.kg -1 . Three out of the four shoot samples collected from the river bank had Co which was significantly higher than those collected from adjacent site (Table  1) . Roots from the river banks had Co concentrations ranging from 0.2-25.6 mg.kg -1 , and the lowest values ranging from 0.0-0.2 mg.kg -1 were reported from the adjacent soil investigated. All roots from the river bank from the 4 sites contained Co which was significantly higher than those in adjacent soil (Table 1) .
Nickel (Ni)
P. australis shoot samples collected from the river bank had consistently higher Ni concentrations in all four sites with values ranging from 0.3-1.9 mg.kg -1 . Ni was lowest in shoots sampled from adjacent soil with values ranging from 0.01-0.6 mg.kg -1 (Table 1) . Similarly, roots sampled from the river bank had significantly higher Ni values ranging from 0.6-2.9 mg.kg -1 when compared with 0.0-0.3 mg.kg -1 detected in roots sampled from adjacent soil (Table 1) .
Cadmium (Cd)
Data collected from sites 2, 3 and 4 showed that Cd shoot concentrations of P. australis were significantly higher between those sampled from the river banks and adjacent soil. Cadmium in shoots from the river bank ranged from 0.01-56.6 mg.kg -1 compared with 0.01-2.3 mg.kg -1 recorded in shoot samples from adjacent soil (Table 1 ). In the roots, significant differences were in Cd samples at river banks in site 2, 3 and 4 as compared with those from adjacent soil (Table 1) .
3.1.6 Lead (Pb) Pb in shoots of P. australis analyzed from the river bank in all sites was significantly higher than their counterparts collected from the adjacent soil. From the river bank, Pb values ranged from 1.5-23.6 mg.kg -1 (Table 1 ). The highest concentration of Pb from the river bank was observed in site 3 (23.6 mg.kg -1 ). Generally, low contents of Pb were found in tissues from adjacent soil ( Table 1 ). The Pb content in roots was significantly different in three out of the 4 sites. The concentration of Pb in roots from the river bank ranged between 0.1-5.6 mg.kg -1 with site three recording the highest Pb concentration (5.6 mg.kg -1
). Most of roots sampled from the adjacent soil had the lowest Pb concentration ranging from 0.1-1.9 mg.kg -1 (Table 1) .
Manganese (Mn)
The total content of Mn in shoots ranged from 1.6-97.3 mg.kg -1 and 0.8-35.9 mg.kg -1 in samples from river bank and the adjacent soil respectively. Highest Mn values were found in site 4, followed by sites 3, 2 and 1 respectively ( Table 1 ). The root analysis result for Mn showed that three out of four sites had significant higher values of Mn in P. australis plant collected from river bank compared with those from adjacent soil. As observed in shoots, more Mn in roots was recorded in plant samples from the adjacent soil. Root values for Mn from river bank soil ranged from 0.8-33.7 mg.kg -1 (Table 1) and the values for plants from adjacent soil ranged from 0.4-10.3 mg.kg -1 . Compared with the values in shoots, highest Mn values in roots were found in sites 4, 3, 2 and 1 respectively.
Iron (Fe)
The mean value of Fe in shoot of P. australis samples collected from the 4 sites was significantly different from each other when data from the river bank and adjacent soil were compared. Levels of Fe from river bank samples ranged from 26.3-56.6 mg.kg -1
. The adjacent soil concentration of Fe in shoots ranged from 6.3-26.2 mg.kg -1 . The greatest Fe concentrations were also found in samples from the river bank compared with those from adjacent soils ( Table 1) .
The root accumulation of Fe in P. australis followed a similar pattern. Results indicated that Fe levels in most of the studied sites were greater in roots than shoots (Table 1) . For instance, the highest concentration of 1164.4 mg.kg -1 Fe in the roots were recorded in site 4 but the shoot value in the same plant was 56.6 mg.kg -1 .
3.1.9 Copper (Cu)
The shoot and root concentrations of Cu in P. australis from the river bank were significantly higher than those from adjacent soil. Results showed that Cu values in shoots from the river bank ranged from 2.6-6.0 mg.kg -1 , but were significantly less in samples from adjacent soil, with values between 0.0 and 2.4 mg.kg -1 (Table 1) .
Concentration of Cu in roots of P. australis were significantly different in three out of the four sites sampled (Table 1) .
Comparison across the sites showed that higher levels of Cu in roots were found at sites three and four (Table 1) .
Zinc (Zn)
Zn in shoots of P. australis which were growing on the river banks were significantly higher compared with those growing in the adjacent soil in all sites. Concentration of Zn in shoots from the river bank and adjacent soil ranged from 3.8-50.6 mg.kg -1 and 0.0-10.1 mg.kg -1 respectively (Table 1) . Shoots sampled from sites 4 and 3 accumulated more Zn than those sampled from site 2 and 1. Total Zn contents in roots of P. australis from the river bank and from the adjacent soil ranged from 6.2 -15.8 mg.kg -1 and 0.4-14.1 mg.kg -1 respectively (Table 1) .
Chlorophyll Contents of P. australis Growing On the River Banks and in Adjacent Soil
Results of chlorophyll content showed that chlorophyll a, b and a+b were present in all the leaves examined from all the study sites ( Figure 1 ). However, in the case of the river bank soil, the leaves from site three and one (7.9 and 8.8 mg.L -1 ) recorded very low values for chlorophyll a+b (Figure 1) . Whereas, the leaves from adjacent soil sites had greater values for chlorophyll a, b and a+b (Figure 1) . 
Measurement of Photosynthesis in P. australis Growing on the River Bank and in Adjacent Soil
Results showed that the photosynthesis values varied in plant leaves on both river bank and adjacent soil from site to site (Figure 2 ). Photosynthesis rate (A) ranged between 1.0-10.6 µmol, with plants from the river bank soil at site 1 exhibiting the highest rate of photosynthesis followed by plants from the other sites in the order 1 > 4 > 2 > 3. Similarly, in the adjacent soil, the values for photosynthesis (A) ranged from 6.5-13.4 µmol, in decreasing order of 1> 4> 2 > 3. Results also showed that rate of evapotranspiration (E) was significantly higher (2.1-2.3 µmol) for plants sampled in sites one and four, than at site two and three (1.3-1.7 µmol) (Figure 2 ). For both the river bank soil and in adjacent soil, the marginal difference in the values for evapotranspiration (E) is minimal; indicating that stomata function is insignificant. 
Discussion
Results of this study revealed that plants from all the sites investigated were generally contaminated with all the metals measured. Al was the single highest metal measured in the shoots (Table 1 ) and roots of P. australis (Table  1) , and this was followed by Pb, Ni and Cr in shoots. Cr, Co and Pb were also significantly higher in the root samples of plants from river bank than samples from the adjacent soil in some of the sites studied (Table 1) .
The concentrations of Al in shoots of P. australis sampled from the river bank sites were in the range 23.7-237.9 mg.kg -1 . These were above the optimum recommended concentration level of 15-18 mg.kg -1 (Dobermann & Fairhurst, 2000) for a closely related wetland plant species such as Rice. Shoot samples of P. australis from adjacent soils had Al concentrations ranging from 8.8-16.9 mg.kg -1 , which were below the recommended optimum of 18 mg.kg -1 , thus suggesting that P. australis growing in these soils may not be physiologically affected by Al toxicity. The Al concentration in P. australis roots collected from the river banks of three out of four sites were higher than the adjacent soils (Table 1) .
Concentrations of Cr in shoots of P. australis sampled from the river bank, at all sites were in the range 0.1-1.2 mg.kg -1 , while in the root samples it ranged from 0. (Burke et al., 2000) , and for brown rice 0.16 mg.kg -1 (Lin, 1991) as well as lettuce 0.17 mg.kg -1 (Qishlaqi et al., 2007) . Cr was completely absent in the roots of samples from both sites one and four and in the shoots from site four. All other concentrations were within the critical limit for both shoot and root in all the studied sites, except in the root of site three (488.6 mg·kg -1 ). This value was the highest obtained, supporting literature that most wetland plants retain higher amounts of metals in their roots than in leaf tissue (Keller et al., 1998; Karpiscak et al., 2001; Stoltz & Greger, 2002; Shuping et al., 2011) .
Cobalt was another important metal that was found to accumulate in excessive concentrations (16.9-55.9 mg.kg -1 ) in P. australis shoots collected from the river bank and adjacent soil in site 4. Although small amounts were recorded at sites 1, 2 and 3, their levels (0.00-0.35 mg.kg -1 ) were within the acceptable limits for plant tissues (Gough et al., 1979) . At site 4 the observed tissue concentrations ranged from 16.9-55.9 mg.kg -1 , which were above the critical levels of 19-32 mg.kg -1 (Gough et al., 1979) in a closely related Sudan grass. The root levels across all sites ranged from 0.0-25.6 mg.kg -1 . However, highest levels (25.6 mg.kg -1 ) were recorded only in plant roots collected from river bank four. This again confirms the findings of several wetland studies that the greatest metal accumulations occur in the roots (Karpiscak et al., 2001; Stoltz and Greger, 2002; Shuping et al., 2011) .
Ni concentrations found in this study ranged from 0.01-1.9 mg.kg -1 in the shoots and 0.0-2.9 mg.kg -1 in the roots. The established threshold of Ni in different plant species range from 5-100 mg.kg -1 above which, plant physiological activities have been reportedly affected (Podlesakova et al., 2002) . A comparison between the recorded Ni concentrations in this study and established threshold guidelines from the literature (Qishaqi et al., 2007) shows that they are below the established standards and may therefore not pose any toxic threat to P. australis in the studied ecosystem (Table 1) .
In this study, Cd concentrations in both shoots and roots ranged 0.2-56.6 mg.kg -1 and 0.0-35.3 mg.kg -1 , respectively (Table 1) , while the critical levels suggested by Kabata-Pendias and Pendias (1992) is 0.5-0.7 mg.kg -1 . Shoots sampled along the river bank showed that at site one (9.07 mg.kg -1 ) and at site two (56.67 mg.kg -1
), Cd values were significantly higher at site three (0.27 mg.kg -1 ) but lower than the critical level of 0.5-0.7 mg.kg -1 as proposed by Kabata-Pendias and Pendias (1992) . Comparatively, shoots from the adjacent soil in sites 2, 3 and 4 had low Cd values which were below the critical limit except in site 1 (2.3 mg.kg -1 ).
Roots sampled from the river bank in sites 1, 3 and 4 had low values of Cd below the critical levels whereas site two (35.3 mg.kg -1
) was above the recommended optimum. Compared to the adjacent soil, root values from site three and four were higher and above the established guidelines. Site one results 0.1 mg.kg -1 were far below the optimum recommended (Table 1) .
In comparing the Cd concentrations reported in our study and the established threshold guidelines of Kabata-Pendias and Pendias (1993) , results show that shoot from the river bank (75%) and adjacent soil (25%) sites had Cd values higher than the established standards by indicating that Cd was a significant pollutant in the Diep River ecosystem.
According to Burke et al. (2000) , the critical concentration of Pb in plants range from 0.12-0.5 mg.kg -1 . The concentration of Pb in the shoots sampled from the river bank ranged from 1.5-23.6 mg.kg -1 (Table 1 ). All these values were above the established critical value. Shoots from the adjacent soils had Pb values ranging from 0.5-1.4 mg.kg -1 . Seventy five percent of the sites had elevated Pb values above the recommended optimum (Table 1) . Taken together, results from this study suggest that the sites are heavily contaminated with Pb and may affect the growth of P. australis and other organisms found in the vicinity (Qishaqi et al., 2007) . Table 2 indicates that plants from the river bank soil of 3 out of 4 sites had elevated Pb levels ranging from 0.9-5.6 mg.kg -1 . From the adjacent soils, Pb levels in the roots ranged from 0.1-1.9 mg.kg -1 with 50% possessing values above the established limits by Canadian Council of Ministers of the Environment (CCME, 1999).
Total Mn in P. australis tissues ranged from 0.9-97.3 mg.kg -1 in shoots (Table 1 ) and 0.4-33.7 mg.kg -1 in roots (Table 1) . The proposed threshold level for Mn in plants varies from 50-500 mg.kg -1 (Allen, 1989) . In this study the highest Mn concentration (97.3 mg.kg -1 ) was found in shoots sampled from the river bank in site 4. This is the only site which had excessive Mn that could lead to toxicity in P. australis.
Total Fe in the shoots and roots ranged from 6.3-56.6 mg kg -1 and 0.0-1164 mg.kg -1 respectively (Table 1) . The established guideline for Fe content in different plant parts at which toxicity is expected is between 1100-1600 mg kg -1 for most wetland plants (Marschner, 1995) . More Fe accumulated in roots than in shoots. Generally, plant tissues contained Fe below this recommended threshold value, indicating that Fe was probably not high enough to cause toxicity in P. australis. Total Cu in the shoots ranged from 0.0-6.0 mg kg -1 (Table 1) and corresponding values in roots ranged from 0.0-7.2 mg.kg -1 (Table 1 ). The normal Cu concentration for plant growth in plant tissues is 5-20 mg.kg -1
(Kabata-Pendias and Pendias, 1992). However, Marschner (1995) established that at 20-30 mg.kg −1 Cu toxicity is likely to occur in shoots. All plant organs analysed from all sites in this study had lower concentrations of Cu.
Total Zn in shoots and roots of P. australis ranged from 0.0-50.6 mg.kg -1 (Table 1 ) and 0.4-15.8 mg.kg -1 (Table 1) , respectively. Previous studies reported Zn phytotoxic levels for plants to vary from 100-1500 mg.kg -1 (Chaney, 1989 , Marschner, 1995 . However, in the present study values below this range were obtained.
Significant differences were found in the values of Chl a, Chl b, and total chlorophyll (Chl a+b) in P. australis and higher Chl.τ values were obtained in P. australis plants growing in the adjacent soil compared with those collected from the river banks (Figure 1) . Similarly, photosynthesis rate (A), evapotranspiration (E) intercellular carbon dioxide concentration (Ci) and stomatal conductance (Qs) in plants from the river bank were lower as compared to those measured in adjacent soil (Figure 1 ). The interference with the photosynthetic apparatus in plants leaves measured from the river bank was probably due to elevated levels of certain metals in the soil (Ayeni et al., 2010) (Table 1) which caused excessive metal accumulation in the tissues (Table 1) , thus interfering with chlorophyll synthesis and photosynthesis. Table 3 also showed consistent with the values in the plant chlorophyll content. Rhizophora mangle 30.68 Stoddard et al., 2006 This is consistent with previous studies which reported that excessive metals (such as Zn, Cd, Ni, Al, Cu) in the plant tissue negatively affected chlorophyll synthesis and photosynthesis process (Godbold, 1984; Rai et al., 1991; Hussain et al., 1991; Vangronsveld & Clijsters 1992; Kahle 1993; Krupa et al., 1993a, b; Monni et al., 2001; Kalavrouziotis et al., 2007) . The decrease in chlorophyll content was found in sunflower (Zengin & Munzuroglu, 2006) as well as in almond (Elloumi et al., 2007) . The decline in chlorophyll content in plants growing adjacent to www.ccsenet.org/eer Energy and Environment Research Vol. 2, No. 1; the river bank compared with those at the river bank which were exposed to higher metal concentration was believed to be due to (a) inhibition of important enzymes, (b) impairment in the supply of Mg, Fe, Zn. A similar decease in chlorophyll content under heavy metal stress was discovered in cyanobacteria, unicellular chlorophytes (Chlorella), gymnosperms, such as Picea abies and angiosperms, such as Zea mays, Quercus palustrus and Acer rubrum (Siedlecka & Krupa, 1996) .
Conclusion
The higher concentration values of the metals in shoots and roots of P. australis sampled from the river bank as compared to those taken from the adjacent soil obtained in this study may be attributable to contamination of the soil by industrial effluents emanating from the industries in the area (Ayeni et al., 2010) . This was reflected in the reduced photosynthesis and chlorophyll synthesis in plants which were growing close to the river bank. These physiological responses to metal contamination may thus possibly be used as biomarkers, in a biomonitoring programme.
